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Introduction {#s1}
============

The spread of cancer cells from a primary tumor site to distant organs, metastasis, is one of the most devastating aspects of cancer accounting for 90% of cancer-related deaths. A key event during tumor metastasis is the extravasation of a cancer cell through the blood vessel wall [@pone.0108092-Sandig1], [@pone.0108092-Nicolson1], which is mediated by both chemical and physical signals from the cellular microenvironment [@pone.0108092-Stroka1]. Following transport within the vasculature, tumor cells arrest to the endothelium and then transmigrate into the surrounding tissue, a process regulated in part by the cell-to-cell junctions of the endothelial cells. Breakdown of endothelial cell-cell junctions during extravasation is mediated by the complex interplay of cytokines secreted by the tumor cells and by adhesion between tumor cells and endothelial cells. Thus, the combined effects of both soluble and adhesive cues promote extravasation and spread of tumor cells during metastasis.

The maintenance and stability of endothelial cell-cell junctions is thought to be regulated by the balance between cell-cell adhesion and cellular contractility [@pone.0108092-Komarova1], [@pone.0108092-Vandenbroucke1]. Adhesion between neighboring endothelial cells is mediated by a variety of transmembrane cell-cell adhesion molecules including vascular endothelial (VE)-cadherin, an adherens junction protein that has been implicated in controlling vascular permeability and leukocyte extravasation [@pone.0108092-Dejana1], [@pone.0108092-Tinsley1], [@pone.0108092-Vestweber1], [@pone.0108092-Wessel1]. The cytoplasmic domain of VE-cadherin binds to several protein partners, including β-catenin, plakoglobin, and p120 and tyrosine phosphorylation of VE-cadherin prevents association of catenins with VE-cadherin thereby disorganizing the cadherin complex and reducing the strength of the junctions [@pone.0108092-Dejana1]. Recent studies suggest that phosphorylation of VE-cadherin is necessary but not sufficient to induce dissolution of endothelial junctions [@pone.0108092-Adam1]; thus, the coordinated induction of multiple signaling cascades is likely key to the opening of endothelial junctions.

The cadherin-catenin complex dynamically links adherens junctions with the actin cytoskeleton and this interaction is mediated by association with α-catenin and actinin. Treatment of endothelial monolayers with hyperpermeability inducing agents leads to actin reorganization into linear, parallel bundles known as stress fibers across the cell interior [@pone.0108092-Amerongen1], [@pone.0108092-Sun1]. This actin remodeling allows for enhanced contractile forces that can contribute to the dissolution of adherens junctions. Furthermore, recent studies demonstrate that co-culture of breast cancer cells with endothelial monolayers decreases endothelial cell stiffness and increases actin cytoskeletal remodeling within endothelial cells, both of which may promote disassembly of endothelial cell-cell junctions and facilitate transmigration of tumor cells across the endothelium [@pone.0108092-Mierke1]. Cytoskeletal contractility is governed by actin and myosin which are regulated by a variety of effectors within the cell. Phosphorylation of myosin light chain (MLC) is linked to increased endothelial permeability [@pone.0108092-Goeckeler1], [@pone.0108092-Garcia1], [@pone.0108092-Shen1], [@pone.0108092-Shen2]. The phosphorylation of MLC by myosin light chain kinase (MLCK) has been studied extensively, but recently other effectors have been linked to the phosphorylation of MLC as well [@pone.0108092-Komarova1], [@pone.0108092-Stockton1]. Once MLC is phosphorylated, it activates myosin heavy chain (MHC)-II which then associates with actin to induce cellular contractility.

Melanoma cells express the ligand very late antigen (VLA)-4 (α~4~β~1~) which binds vascular cellular adhesion molecule (VCAM)-1, an integrin receptor displayed on the surface of endothelial cells [@pone.0108092-Garofalo1], [@pone.0108092-Liang1], [@pone.0108092-Klemke1]. A high expression level of VLA-4 on melanoma cells is correlated with an increase in melanoma extravasation through the endothelium [@pone.0108092-Garofalo1]. We have previously shown that the VLA-4/VCAM-1 adhesion event leads to the disassembly of VE-cadherin, which facilitates melanoma extravasation [@pone.0108092-Liang1], [@pone.0108092-Peng1]. Activated VCAM-1 is upstream of major intracellular signaling proteins including Rac1, protein kinase C (PKC), p21-activated protein kinase (PAK), p38 mitogen-activated protein kinase (MAPK), and MLC, all of which are known to aid in endothelial cell-cell junction breakdown [@pone.0108092-Stockton1], [@pone.0108092-Wennerberg1], [@pone.0108092-Wittchen1], [@pone.0108092-Bokoch1], [@pone.0108092-Khanna1]. Furthermore, melanoma cells secrete large amounts of pro-inflammatory cytokines, including interleukin (IL)-8, IL-1β, and IL-6, and growth-related oncogene (GRO)-α which also facilitate breakdown of endothelial cell-cell junctions [@pone.0108092-Khanna1]. IL-8 acts through G-protein-coupled receptors to activate angiogenesis, proliferation and survival of endothelial and cancer cells, and migration of endothelial cells, cancer cells, and neutrophils [@pone.0108092-Hoch1], [@pone.0108092-Waugh1]. IL-8 is secreted within the tumor microenvironment and has been shown to contribute to increased endothelial permeability and to aid in the attachment of melanoma cells to the endothelium [@pone.0108092-Liang1]. Examination of a panel of tumor cell lines revealed that invasive tumor cells express higher levels of the IL-8 receptor CXCR2 than noninvasive cancer cells and IL-8 stimulation increases tumor cell cytoskeletal remodeling and traction forces which may impact endothelial cell-cell junction breakdown during metastasis [@pone.0108092-Mierke2]. IL-1β enhances the expression of various cytokines including IL-6, IL-8, and vascular endothelial growth factor (VEGF), and adhesion molecules like intracellular adhesion molecule (ICAM)-1, therefore facilitating adhesion and extravasation events [@pone.0108092-Yano1]. Moreover, IL-1β also induces intracellular signaling via the nuclear factor (NF)-κB and MAPK pathways, which can lead to a number of other cellular actions [@pone.0108092-Sims1].

Melanoma cell extravasation is a complex process that can be summarized into three steps: adhesion to the endothelial cell surface, retraction of the endothelial cells, and tumor cell invasion through the endothelium into the surrounding tissue [@pone.0108092-Nicolson1]. All three of these steps are regulated by an intricate network of intracellular signaling cascades within endothelial cells that communicate via crosstalk. It is becoming increasingly recognized that complex systems like these need to be analyzed holistically, and not in a reductionist manner. Thus, due to the challenge of examining the dynamics of multiple signaling pathways simultaneously in co-culture experiments alone, for the present study we integrated both experimental and computational approaches to elucidate the roles of VCAM-1, IL-8, and IL-1β in junction disassembly, actin remodeling, and actinomyosin contractility in melanoma-induced endothelial cell-cell junction disruption. Our simulations reveal that phosphorylation of MLC is achieved before peak VE-cadherin phosphorylation suggesting the induction of endothelial contractility pathways may precede reduced adhesion strength of the adherens junctions and the dissolution of cell-cell junctions. Additionally, the dynamics of MLC phosphorylation within endothelial cells is not simply additive with the simultaneous activation of VCAM-1, IL-8, and IL-1β signaling cascades, but rather these cascades seem to exert antagonistic effects during the later stages of gap formation. Interestingly, VCAM-1 is able to recapitulate the effect on VE-cadherin phosphorylation that all inputs have when activated together, suggesting the importance of VCAM-1 in regulating junction dynamics. VCAM-1 also appears to be the most important input for actin remodeling, though IL-8 and IL-1β do activate it to a lesser extent. These results indicate that junction disruption occurs in a multi-step manner with both soluble factors and binding events as actors in the process.

Materials and Methods {#s2}
=====================

Cell culture {#s2a}
------------

Human umbilical vein endothelial cells (HUVECs) were obtained from American Type Culture Collection (ATCC) and cultured in F-12K medium supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), 100 units/ml penicillin-streptomycin (pen-strep; Biofluids, Inc.), 30 µg/ml endothelial cell growth supplement (ECGS; Sigma), and 50 µg/ml heparin (Mallinckrodt Baker, Inc.). A2058 melanoma cells were obtained from ATCC and cultured in DMEM/F-12 (Life Technologies) supplemented with 10% FBS and 100 units/ml pen-strep. All cells were grown at 37°C and 5% CO~2~ in a humidified incubator.

Endothelial-melanoma co-culture {#s2b}
-------------------------------

HUVECs were seeded at 3×10^5^ cells to 25-mm diameter glass coverslips coated with 1 µg/ml human fibronectin (BD Biosciences) for all experiments. When 95--99% confluent, monolayers were incubated with F-12K media supplemented with 2% FBS for 12 hours prior to co-culture. For co-culture, A2058 melanoma cells were lifted from tissue culture dishes using a thin coating of 0.5% trypsin (Life Technologies). The A2058 cells were then suspended in fresh medium and rocked for 1 hour in a 37°C incubator. A2058 melanoma cells were then plated at 1.8×10^5^ cells/cm^2^ to the endothelial monolayers. Endothelial cell-cell junction integrity was monitored following 45 minutes of co-culture.

Pharmacological inhibitors {#s2c}
--------------------------

HUVEC monolayers were incubated with the following inhibitors or carrier solution for 30 minutes prior to co-culture with A2058 melanoma cells: blebbistatin (25 µM; Sigma), cytochalasin D (0.01 µg/ml; Tocris Bioscience), PP1 (0.17 µM; Sigma), ML-7 (5 µM; Sigma), or dimethyl sulfoxide (DMSO; Sigma). Following incubation with inhibitors, HUVEC monolayers were rinsed once with F-12K/2% FBS culture medium and were then co-cultured with A2058 melanoma cells.

Immunofluorescence staining {#s2d}
---------------------------

Following co-culture, HUVEC monolayers were gently rinsed once with 1× phosphate buffered saline (PBS) and fixed with 4% paraformaldehyde for 15 minutes at room temperature. Cells were then washed with PBS, permeabilized with 0.3% Triton X-100 and blocked with 5% goat serum (Sigma). Samples were then incubated with VE-cadherin primary antibody (D87F2; Cell Signaling Technologies) overnight at 4°C. The next day samples were thoroughly rinsed with PBS to remove unbound primary antibody, incubated with AlexaFluor secondary antibodies (Life Technologies), and then counterstained with Hoechst 33342 (Life Technologies) to visualize cell nuclei. Coverslips were mounted to microscope slides using Fluoromount G (Southern Biotechnology) prior to imaging.

Microscopy and analysis {#s2e}
-----------------------

Samples were imaged with a 40× air or 100× oil objective (N.A. = 1.3) using a Nikon Eclipse Ti-E inverted fluorescence microscope equipped with a Photometrics CoolSNAP HQ^2^ charge coupled device camera. Images were taken from 9 randomly chosen locations within the monolayer. Gaps between endothelial cells were quantitatively measured from fluorescence images of VE-cadherin using ImageJ software (NIH) as the ratio of pixels within all monolayer gaps to the total number of pixels in one image.

Statistical analysis {#s2f}
--------------------

Statistical analysis was performed with KaleidaGraph 4.1 software (Synergy) using analysis of variance (ANOVA) followed by a Tukey Honestly Significant Difference (HSD) post-hoc test. Differences were considered significant for p\<0.05. Values are reported as mean ± standard error of the mean. Three independent replicates were performed for all experiments.

Modeling signaling cascades important to melanoma-induced endothelial cell-cell junction dissolution {#s2g}
----------------------------------------------------------------------------------------------------

An intracellular signaling network was created to connect the VCAM-1, IL-8, and IL-1β inputs and their respective signaling cascades to factors that are responsible for regulating endothelial junction breakdown. The interactions were altered to represent enzyme kinetics and a system of ordinary differential equations was developed using these kinetics to construct a model using a MATLAB systems biology toolbox developed by Schmidt and coworkers [@pone.0108092-Schmidt1]. The interactions between nodes were represented by a kinetic expression to describe its respective rate and each node was given an initial concentration ([Tables S1](#pone.0108092.s001){ref-type="supplementary-material"} and [S2](#pone.0108092.s002){ref-type="supplementary-material"}). Modeling was performed as described in previous work published by our group with the addition of the c-Src signaling pathway [@pone.0108092-Khanna1]. The model was built using the following assumptions, which supplement the model\'s previous assumptions:

1.  Kinetic parameters and initial concentrations were obtained from literature and experimental data. If the specific value of the concentration or parameter was not available, then they were set to 1 µM and 0.1 µM^−1^ s^−1^, respectively [@pone.0108092-Hendriks1]. Simultaneous activation of all three inputs (VCAM-1, IL-8, and IL-1β) was assumed to mimic tumor cell activation of the endothelium.

2.  For time course simulations, the time at which the peak protein concentration occurred was assumed to be the optimal activation of that protein.

3.  Due to the complexity of inhibitory kinetics and the lack of knowledge of the type of inhibitions on the proteins in the model, inhibitory reactions were neglected.

Results {#s3}
=======

Melanoma cells induce breakdown of endothelial cell-cell junctions {#s3a}
------------------------------------------------------------------

Melanoma cell signals including soluble cytokines and cell surface adhesive molecules can impact the barrier properties of the vascular endothelium. To examine how melanoma cues affect the integrity of endothelial cell-cell junctions, A2058 melanoma cells were co-cultured with HUVEC monolayers for 45 minutes. Cell-cell junctions were monitored by examining VE-cadherin localization and it was observed that co-culture of melanoma cells with HUVECs resulted in dissolution of VE-cadherin junctions local to the tumor cells ([Figure 1A](#pone-0108092-g001){ref-type="fig"}). Quantification of the area percentage of gaps between endothelial cells revealed a significant increase in gap percentage with co-culture of HUVEC monolayers and melanoma cells in comparison to HUVEC monolayers alone ([Figure 1B](#pone-0108092-g001){ref-type="fig"}). These results are consistent with previous results that demonstrate a role for melanoma signals including soluble factors such as IL-8 and IL-1β and receptor-ligand interactions between proteins displayed on the surfaces of tumor and endothelial cells such as VLA-4/VCAM-1 as mediators of gap formation [@pone.0108092-Khanna1], [@pone.0108092-Khanna2].

![Co-culture of endothelial monolayers with A2058 melanoma cells induces endothelial cell-cell junction disruption local to melanoma cell adhesion sites.\
(A) Phase contrast images of HUVEC monolayers with corresponding immunofluorescence staining of VE-cadherin junctions. VE-cadherin staining indicates existence of cell-cell junction integrity in the endothelial monolayer. With A2058 co-culture, VE-cadherin staining shows dissolution of cell-cell junctions. White arrows indicate the location of A2058 melanoma cells. (B) Quantification of the percentage gap formation between endothelial cells with A2058 melanoma cell co-culture with and without inhibitors of cellular contractility, actin remodeling, and Src kinase signaling. \*p\<0.001 in comparison to HUVEC only controls. \#p\<0.001 in comparison to HUVEC/A2058 co-culture sample incubated with DMSO. Scale bars, 25 µm.](pone.0108092.g001){#pone-0108092-g001}

To examine the roles of endothelial cellular contractility, junction disassembly, and actin remodeling in melanoma-mediated gap formation, we experimentally targeted proteins within endothelial cells linked to these outputs. Cellular contractility is controlled by the actomyosin cytoskeleton, which is regulated by signaling through the Rho GTPases and MLCK. Decreasing cellular contractility through treatment with the non-muscle myosin ATPase inhibitor blebbistatin significantly reduced A2058-induced gap formation in HUVEC monolayers ([Figure 1B](#pone-0108092-g001){ref-type="fig"}). Cytochalasin D, an inhibitor of actin polymerization and remodeling, also decreased gap formation. VE-cadherin junction disassembly is mediated in part by phosphorylation of the cytoplasmic tail of VE-cadherin by Src kinase which leads to a decrease in the strength of junctions [@pone.0108092-Dejana1]. Inhibition of Src signaling by treatment with PP1 also resulted in reduced gap formation ([Figure 1B](#pone-0108092-g001){ref-type="fig"}). Although all three inhibitors significantly reduced gap formation, there was no significant difference between the blebbistatin, PP1, and cytochalasin D co-culture cases. These results suggest that actin remodeling, cellular contractility, and junction disassembly are all critical partners in gap formation.

Model simulations reveal that cytoskeletal contractility followed by VE-cadherin phosphorylation initiates junction disassembly {#s3b}
-------------------------------------------------------------------------------------------------------------------------------

To examine the dynamic response of the endothelium to multiple melanoma cell signals simultaneously, we developed a model of the signaling networks involved in melanoma-induced gap formation. The model included melanoma cell signals (VCAM-1 ligand, IL-8, and IL-1β) as well as downstream p38 MAPK, Src, PKC, and MLC signaling pathways within the endothelium ([Figure 2](#pone-0108092-g002){ref-type="fig"}). The signaling cascades were altered to represent enzyme kinetics and a system of ordinary differential equations was developed using these kinetics. The signaling map in [Figure 2](#pone-0108092-g002){ref-type="fig"} shows all of the signaling cascades within the model connecting the individual inputs to their respective outputs based on previous literature and experimental analysis [@pone.0108092-Khanna1], [@pone.0108092-Khanna2], [@pone.0108092-Peng2].

![Schematic of network model connections.\
Pathways are distinguished by color with IL-8 in blue, VCAM-1 in orange, IL-1β in green, c-Src in magenta, and model outputs in black. Grey indicates locations where all pathways converge. Phosphorylated proteins are indicated with the letter P and protein activation is designated with an asterisk.](pone.0108092.g002){#pone-0108092-g002}

To investigate the relative timing of activation of signaling cascades leading to actin remodeling, cellular contraction, and junction disassembly we monitored the levels of phosphorylated heat shock protein (HSP)-27, MLC, and VE-cadherin, respectively, within the simulation. Turning on all three inputs, VCAM-1, IL-8, and IL-1β, represented the melanoma cell stimulus. Previous studies have linked disruption of VE-cadherin junctions to phosphorylation of VE-cadherin and reduced junction strength [@pone.0108092-Vandenbroucke1], [@pone.0108092-Dejana1]; therefore, we used phosphorylated VE-cadherin (pVE-cadherin) as a marker of junction disassembly. HSP-27, a molecule that regulates actin/myosin cross-bridges, can be activated by p38 MAPK. Studies suggest that phosphorylation of HSP-27 enables the interaction between actin and myosin through its enhanced interactions with tropomyosin [@pone.0108092-Bitar1]. Activation of the p38MAPK/HSP-27 pathway is involved in the cellular response to stress from proinflammatory cytokines such as platelet-derived growth factor (PDGF), IL-1β, and transforming growth factor (TGF)-β [@pone.0108092-Hedges1]. Thus, we used phosphorylated HSP-27 (pHSP-27) as a marker of actin remodeling. Furthermore, phosphorylation of MLC results in increased cellular contractility and was thus used as a marker of actinomyosin contraction within the simulations.

The time courses of each output were viewed over 45 minutes (2700 seconds) since melanoma-induced endothelial gap formation is observed to occur over 45 minutes experimentally ([Figure 1](#pone-0108092-g001){ref-type="fig"}). With all inputs turned on, the phosphorylation of MLC occurred very quickly with a peak concentration occurring at 300 seconds which continued to approximately 1300 seconds before slowly decreasing ([Figure 3A](#pone-0108092-g003){ref-type="fig"}). Phosphorylated HSP-27 took longer to activate as its concentration slowly increased over time ([Figure 3B](#pone-0108092-g003){ref-type="fig"}). The peak concentration of pVE-cadherin occurred towards the latter part of MLC activation around 1000 seconds ([Figure 3C](#pone-0108092-g003){ref-type="fig"}). These results suggest that when all input signals are activated that actinomyosin contraction and junction disassembly may work together at the beginning of gap formation, with actinomyosin contraction initiating the event, while actin remodeling occurs progressively through the time course and peaks toward the end of gap formation.

![Computational simulations show that melanoma signals differentially affect endothelial contractility, actin remodeling, and junction disassembly.\
Phosphorylation dynamics as a function of time for (A) MLC, (B) HSP-27, and (C) VE-cadherin following activation of VCAM-1, IL-8, and IL-1β individually or simultaneous activation of all inputs together.](pone.0108092.g003){#pone-0108092-g003}

Model simulations reveal a multifaceted interplay of VCAM-1, IL-8, and IL-1β signaling during endothelial gap formation {#s3c}
-----------------------------------------------------------------------------------------------------------------------

To determine whether VCAM-1, IL-8, and IL-1β have an additive, synergistic, or antagonistic effect on endothelial gap formation we also performed simulations with VCAM-1, IL-8, and IL-1β signaling pathways individually activated and compared these results to simultaneous activation of all three inputs. Each simulation was performed for 2700 seconds and the concentrations of pMLC, pHSP-27, and pVE-cadherin were monitored as a function of time. At early time points, pMLC dynamics associated with all inputs on was recapitulated by IL-8 alone suggesting that the IL-8 signaling cascade is likely responsible for the initial increase in pMLC levels within endothelial cells as well as for the induction of increased contractility. At intermediate and late time points, the case with all three inputs turned on did not produce the highest concentration of pMLC therefore suggesting antagonistic effects between the different individual signaling inputs ([Figure 3A](#pone-0108092-g003){ref-type="fig"}). For pHSP-27, the case with all three inputs activated produced the highest concentrations at all time points, but it was only marginally more than what is achieved by the VCAM-1 signaling cascade alone for each time point ([Figure 3B](#pone-0108092-g003){ref-type="fig"}). This suggests that the inputs are neither additive nor synergistic in their effects on actin remodeling. Furthermore, activation of all three inputs and VCAM-1 only produced similar time courses for pVE-cadherin concentration while IL-8 and IL-1β produced time courses with lower peak concentrations that occurred at a later time ([Figure 3C](#pone-0108092-g003){ref-type="fig"}). These data suggest that signaling through the VCAM-1 pathway dominates phosphorylation dynamics of HSP-27 and VE-cadherin while the dynamics of the phosphorylation of MLC is influenced by IL-8 at early time points and all three input signaling pathways at later time points.

Inhibiting regulators of actin remodeling, cellular contractility, and junction disassembly affects endothelial gap formation {#s3d}
-----------------------------------------------------------------------------------------------------------------------------

We next investigated the effects of p38 MAPK, MLCK, and PKC signaling on gap formation since these molecules are influential regulators of actin remodeling, actinomyosin contraction, and junction disassembly, respectively [@pone.0108092-Komarova1], [@pone.0108092-Chang1], [@pone.0108092-Sandoval1]. Our previous studies have demonstrated an important role for p38 MAPK signal transduction in melanoma-induced endothelial cell-cell junction disruption and in experimental metastasis [@pone.0108092-Khanna2]. To further elucidate how p38 signal transduction affects actin remodeling, cellular contractility, and junction disassembly, we abrogated p38 signaling within the simulations while leaving MLC and PKC signaling intact ([Figure 4A--C](#pone-0108092-g004){ref-type="fig"}). The dynamics of MLC phosphorylation were affected minimally by p38 knock-out at early time points. In contrast, at later time points the concentration of pMLC exhibited a slow decrease over time as opposed to a sustained peak concentration followed by a decrease when p38 signaling was intact ([Figure 4A](#pone-0108092-g004){ref-type="fig"}). Inhibiting p38 signaling resulted in complete inhibition of the phosphorylation of HSP-27 ([Figure 4B](#pone-0108092-g004){ref-type="fig"}). This result is consistent with previous studies that demonstrate that p38 activates HSP-27 after stress and growth factor incubation and that inhibition of p38 blocks HSP-27 phosphorylation [@pone.0108092-Guay1]. For pVE-cadherin, inhibition of p38 decreased the peak concentration by 32% while also delaying the time at which the peak level of pVE-cadherin is reached by approximately 200 seconds ([Figure 4C](#pone-0108092-g004){ref-type="fig"}). These data suggest that p38 MAPK signaling influences the dynamics of cellular contractility, actin remodeling, and junction disassembly within endothelial cells.

![Simulations reveal that knockout of p38 MAPK influences MLC and VE-cadherin phosphorylation dynamics and completely inhibits HSP-27 phosphorylation.\
Phosphorylation dynamics as a function of time for p38 on and knockout of p38 for (A) MLC, (B) HSP-27, and (C) VE-cadherin.](pone.0108092.g004){#pone-0108092-g004}

Given the important role of MLCK in controlling cellular contractility, we next examined the role of MLCK in regulating the dynamics of protein phosphorylation within endothelial cells in response to melanoma cues. Knockout of MLCK within the simulations resulted in a substantial decrease in the concentration of phosphorylated MLC across all time points although MLC phosphorylation was not completely abrogated ([Figure 5A](#pone-0108092-g005){ref-type="fig"}). Furthermore, the pHSP-27 and pVE-cadherin time courses remained nearly unchanged with MLCK inhibition in comparison to activated MLCK ([Figure 5B,C](#pone-0108092-g005){ref-type="fig"}). To experimentally test if melanoma cells induce signaling through the MLCK pathway within endothelial cells to contribute to gap formation, we treated HUVEC monolayers with the MLCK inhibitor ML-7 for 30 minutes prior to co-culture with A2058 melanoma cells. Treatment with ML-7 resulted in a significant decrease in A2058 melanoma-induced gap formation between endothelial cells thus confirming the importance of MLCK signaling in melanoma-mediated endothelial junction disruption ([Figure 1B](#pone-0108092-g001){ref-type="fig"}). Together these data suggest that MLCK influences gap formation through regulating cellular contractility, but has little effect on the dynamics of actin remodeling and junction disassembly represented by the levels of pHSP-27 and pVE-cadherin.

![Simulations show that knockout of MLCK reduces MLC phosphorylation, whereas HSP-27 and VE-cadherin phosphorylation is minimally affected.\
Phosphorylation dynamics as a function of time for MLCK on and knockout of MLCK for (A) MLC, (B) HSP-27, and (C) VE-cadherin.](pone.0108092.g005){#pone-0108092-g005}

Signaling through PKC has been linked to endothelial barrier dysfunction and transendothelial migration [@pone.0108092-Mine1], [@pone.0108092-SiflingerBirnboim1], [@pone.0108092-Ferro1], thus we next sought to determine how PKC affects cellular contractility, actin remodeling, and junction disassembly during melanoma-induced gap formation. Knockout of PKC within the simulations resulted in minimal effects on the level of pMLC at early time points with the same peak concentration being achieved ([Figure 6A](#pone-0108092-g006){ref-type="fig"}). A slow decrease in concentration was observed instead of a sustained peak concentration as observed in the control ([Figure 6A](#pone-0108092-g006){ref-type="fig"}). Inhibition of PKC produced an identical time course to when PKC signaling was intact for pHSP-27 ([Figure 6B](#pone-0108092-g006){ref-type="fig"}). There was a 23% decrease in the peak concentration of pVE-cadherin and a delayed peak concentration by 250 seconds compared to the control ([Figure 6C](#pone-0108092-g006){ref-type="fig"}). These data suggest that PKC modulates cellular contractility and junction disassembly but has no direct effect on actin remodeling.

![Knockout of PKC affects the simulated dynamics of MLC and VE-cadherin phosphorylation.\
Phosphorylation dynamics as a function of time for MLCK on and knockout of MLCK for (A) MLC, (B) HSP-27, and (C) VE-cadherin.](pone.0108092.g006){#pone-0108092-g006}

Discussion {#s4}
==========

In this study, we examined the roles of the melanoma cell inputs, IL-8, IL-1β, and VCAM-1 activation, and the endothelial cell outputs, actinomyosin contraction, junction disassembly, and actin remodeling, in melanoma-induced endothelial cell-cell junction breakdown. Actinomyosin contraction, junction disassembly, and actin remodeling have all been correlated with increased gap formation, but the importance that each output possesses in gap formation and whether there is synergy between the three to optimize gap formation is not clear. Experimentally, we demonstrated the importance of key signaling proteins in melanoma-induced gap formation. We also created an intracellular signaling network to connect the three inputs and their respective signaling cascades to factors that are responsible for regulating endothelial junction breakdown. Within the simulations, we quantitatively monitored the roles of the inputs and outputs involved in gap formation. Moreover, through the simulations we investigated the signaling dynamics that coordinate endothelial junction breakdown. Overall, our data suggest that cellular contractility, junction disassembly, and actin remodeling are all significant contributors to melanoma-induced endothelial gap formation.

Since it is difficult to monitor the dynamics of multiple signaling cascades simultaneously in direct co-culture experiments, we developed a model of the interactions between melanoma cells and endothelial cells to enable examination of signaling dynamics. Using this model, we investigated the phosphorylation dynamics of MLC, HSP-27, and VE-cadherin as read-outs of cellular contractility, actin remodeling, and junction disruption, respectively. We found that over the 45 minute (2700 second) window for gap formation, that the concentration of pMLC is maximized at early time points (from 300 to 1300 seconds) followed by pVE-cadherin at approximately 1000 seconds with the concentration of pHSP-27 peaking at 2700 seconds. Interestingly, pMLC reaches its peak concentration around the same time that pHSP-27 and pVE-cadherin concentrations start their initial increase. This suggests that crosstalk between the signaling pathways may be important to gap formation with actinomyosin contraction or pMLC possibly impacting or promoting phosphorylation of HSP-27 and VE-cadherin, actin remodeling, and junction disassembly. Indeed, recent studies show that during transendothelial migration monocytes activate the HRas/Raf/MEK/ERK signaling cascade which induces MLC phosphorylation followed by Src-mediated phosphorylation of VE-cadherin [@pone.0108092-Haidari1]. In this monocyte endothelial cell co-culture system, recruitment of Src to the VE-cadherin complex followed phosphorylation of MLC and inhibition of MLC attenuated VE-cadherin phosphorylation. Furthermore, α~2~β~1~ integrin displayed on the surface of breast cancer cells mediates phosphorylation of VE-cadherin in endothelial cells via Ras/MLC signaling [@pone.0108092-Haidari2]. These studies suggest a link between MLC phosphorylation and VE-cadherin phosphorylation via Src, however, it is currently not known whether an interplay between these factors exists in melanoma-induced disassembly of endothelial adherens junctions and if so what signaling molecules mediate this crosstalk. Further studies are necessary to clarify the crosstalk between these pathways.

Investigation of the role of the individual activation of VCAM-1, IL-8, and IL-1β signaling cascades revealed that the effects of these cues are neither additive nor synergistic on the phosphorylation dynamics of downstream signaling molecules, as activation of all inputs never resulted in additive effects or large increases in the levels of pMLC, pHSP-27, or pVE-cadherin over levels from individual activation during the time course of gap formation. The phosphorylation dynamics of HSP-27 and VE-cadherin resulting from VCAM-1 signaling alone most closely matched that produced by activation of all three pathways simultaneously suggesting that intracellular signaling cascades initiated by VCAM-1 likely have the most influence on actin remodeling and junction disassembly. Previous studies report that crosslinking VCAM-1 with antibodies is sufficient to induce stress fiber formation and gaps in HUVEC monolayers and blocking VCAM-1 activation on endothelial cells by monocytes through the use of specific antibodies attenuates phosphorylation of VE-cadherin [@pone.0108092-Haidari1]. Thus, melanoma-induced activation of VCAM-1 signaling may have similar effects. The phosphorylation dynamics of MLC with all three inputs activated are most closely matched at early times by IL-8 signaling alone with concentrations of pMLC at later times resulting from a complex interplay of the three inputs. This suggests that when the signaling cascades downstream of the three inputs are all active at the same time, the crosstalk between the pathways may interfere with rather than enhance activation of cellular contractility at later time points. Within these simulations, all three inputs were activated simultaneously, however, during melanoma-induced gap formation it is conceivable that the three inputs are not all activated within the endothelial cells at the exact same time and may in fact function with some type of delayed activation. Further studies exploring the idea of delayed activation between the three inputs will be informative.

Previous studies have shown that PKC, p38 MAPK, and MLCK are influential regulators of endothelial cell junction disassembly, actin remodeling, and actinomyosin contraction, respectively [@pone.0108092-Komarova1], [@pone.0108092-Chang1], [@pone.0108092-Sandoval1]. We wished to examine the effects of these intracellular signaling molecules on the phosphorylation dynamics of proteins within endothelial cells following exposure to melanoma cell cues. We find that knock-out of p38 MAPK within simulations affected the phosphorylation dynamics of MLC, HSP-27, and VE-cadherin. In contrast, knockout of MLCK only affected the phosphorylation of MLC while knockout of PKC affected the dynamics of both MLC and VE-cadherin phosphorylation. Our previous results and experimental data shown here confirm that inhibition of p38 MAPK and MLCK significantly reduces melanoma-induced gap formation [@pone.0108092-Khanna2]. We find that p38 MAPK affects all three outputs, therefore, it may be a more influential regulator of endothelial cell-cell junction breakdown than the other signaling molecules examined. Interestingly, studies have shown that the PKC and Src pathways may interact suggesting that targeting a single pathway may be ineffective due to redundancies [@pone.0108092-Tinsley1]. Therefore, targeting downstream effectors like MLC may prove to be more promising therapeutic targets for blocking extravasation and metastasis due to inclusion of both upstream pathways.

This study focused on melanoma-induced endothelial cell-cell junction disruption, however, the results described may not be unique to the interaction between melanoma and the endothelium. Indeed, a variety of cancer cell types including melanoma [@pone.0108092-BarEli1], breast [@pone.0108092-Lin1], [@pone.0108092-Freund1], ovarian [@pone.0108092-Browne1], [@pone.0108092-Wang1], prostate [@pone.0108092-Kim1], pancreatic [@pone.0108092-Xie1], and bladder [@pone.0108092-Inoue1] cancer cells secrete IL-8. Furthermore, multiple cancer cell types including melanoma [@pone.0108092-Garofalo1], [@pone.0108092-Liang1], sarcoma [@pone.0108092-Mattila1], renal [@pone.0108092-Tomita1], ovarian [@pone.0108092-Scalici1], and lymphoma [@pone.0108092-Stroeken1] are known to express VLA-4 on their surfaces which can mediate VCAM-1 signaling. Future investigations characterizing the cytokine secretion profiles and adhesion molecule expression of various tumor cells will be informative and may enable modeling similar to the studies presented here to shed light on important factors mediating tumor cell interactions with the endothelium and metastasis.

In summary, we present integrated experimental and computational analyses that show actinomyosin contraction, junction disassembly, and actin remodeling are all important factors in mediating melanoma-induced endothelial junction breakdown and we demonstrate that MLCK and p38 MAPK have significant roles in gap formation. Simulations showed that the peak levels of phosphorylated proteins associated with actinomyosin contraction and junction disassembly occur towards the beginning of gap formation while the peak level of phosphorylated proteins linked to actin remodeling occurs at later stages of gap formation. In addition, activating VCAM-1, IL-8, and IL-1β signaling cascades simultaneously has neither an additive nor synergistic effect on the concentration of phosphorylated proteins associated with contractility, junction disassembly, and actin remodeling individually in comparison to activation of each signaling pathway alone. Thus, melanoma-mediated endothelial junction disruption arises from a complex interplay of multiple tumor cell-associated signals as well as multiple intracellular signaling cascades within endothelial cells. Analysis of the interplay between these signaling pathways will enable a clearer understanding of how these cues act in concert to influence endothelial cell-cell junction breakdown and may suggest novel approaches for blocking cancer metastasis.
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